Abstract. Reversible phosphorylation has a critical role in the regulation of the activity of acetyl-CoA carboxylase 1 (ACC1), which is associated with de novo lipogenesis. It has been shown that AMP-activated protein kinase (AMPK) phosphorylates ACC1 on serine 79 and inhibits its activity; however, the mechanism of ACC1 dephosphorylation remains elusive. Protein phosphatase 4 (PP4), a ubiquitous serine/threonine phosphatase, regulates a variety of cellular functions; however, whether PP4 is involved in lipid metabolism has yet to be elucidated. In the present study, PP4 was identified as a novel regulator of ACC1, which is also involved in hepatic lipogenesis. The expression of PP4 was found to be significantly increased in the livers of db/db mice. Furthermore, pACC1-Ser79/ACC1 levels were observed to be decreased and high triglyceride accumulation was found in the livers of db/db mice. Moreover, PP4 overexpression was observed to lead to a decreased pACC1-Ser79/ACC1 ratio and subsequently an increased intracellular triglyceride content in mouse primary hepatocytes. PP4 was also found to directly interact with pACC1-Ser79 in human HepG2 cells. In conclusion, the present study showed that PP4 may be a novel regulator in hepatic lipogenesis through dephosphorylating ACC1 on serine 79, suggesting that PP4 may be a promising therapeutic target in lipid metabolism disorders.
Introduction
Epidemiological investigation has shown that nonalcoholic fatty liver disease (NAFLD) is an important public health problem. NAFLD develops and progresses to more advanced forms, including steatohepatitis, fibrosis and cirrhosis (1, 2) . Surplus lipid, particularly triglyceride deposition, is a prerequisite for the development of NAFLD. Furthermore, a persistent increase in triglyceride synthesis is an important factor in the accumulation of fatty acids in the liver.
Mammalian acetyl-CoA carboxylase 1 (ACC1) catalyzes the carboxylation of acetyl-CoA to form malonyl-CoA, an intermediate in the de novo synthesis of fatty acids (3). Chang et al (4) found that the activity of ACC1 was markedly increased in obese mice. It has been proposed that the phosphorylation and/or dephosphorylation of target serine residues is important for the short-term regulation of ACC1 (5-7). Moreover, AMP-activated protein kinase (AMPK) phosphorylates ACC1 on serine 79, which further inhibits its activity, while dephosphorylation of ACC1 on serine 79 increases its activity (8, 9) . Various studies have reported that protein phosphatases may dephosphorylate ACC1 (8) (9) (10) ; however, only a few have shown that ACC1 may be dephosphorylated by protein phosphatase-2A (PP2A) (8) . It is not clear whether other protein phosphatases are involved in ACC1 dephosphorylation.
The serine/threonine phosphatase phosphatase 4 (PP4) is an important member of the PP2A family. PP4 is highly conserved from invertebrates to vertebrates (11) . PP4 dephosphorylates a series of downstream substrates through its phosphatase activity and participates in various signaling pathways, including the nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) pathway, apoptosis, hepatic gluconeogenesis and histone modification (12) (13) (14) (15) . However, whether PP4 is involved in lipid metabolism has yet to be elucidated.
Therefore, the present study investigated the expression of PP4, ACC1 and pACC1-Ser79 in the livers of db/db mice and mouse primary hepatocytes.
Materials and methods

Animals.
Six to eight week-old male db/db mice were purchased from the National Resource Center for Mutant Mice (Nanjing, China) which were originally purchased from The Jackson Laboratory (Bar Harbor, ME, USA). C57BL/6 mice were purchased from Vital River Laboratory Animal Primary hepatocyte isolation. The isolation of primary hepatocytes was performed as described previously (16, 17) . In brief, the mice were anesthetized using intraperitoneal injection with 4% chloral hydrate (100 µl/100 g body weight) and perfused through the vena porta hepatis with D-Hanks solution, then with collagenase solution at 37˚C for 10 min. Livers were carefully removed and transferred onto a Petri dish, then cut into small pieces and pressed through a sieve and flushed with warm Dubecco's modified Eagle's medium/F12. Centrifugation was performed at 24 x g for 5 min at 4˚C. The supernatant was discarded and the hepatocyte cell pellet was retrieved.
Western blot analysis. Cell lysates (10-30 µg protein) were separated using 10% SDS-PAGE and transferred to polyvinylidene fluoride membranes (Millipore Corporation, Billerica, MA, USA), blocked using 5% non-fat dry milk for 2 h and probed with primary antibodies at 4˚C overnight. The blots were incubated with horseradish peroxidase-conjugated anti-immunoglobuin G (Millipore Corporation), followed by detection using a Fusion SL 3500 enhanced chemiluminescence system (Vilber Lourmat, Marne-la-Vallée, France). Rabbit monoclonal anti-ACC1 and anti-pACC1 (Abcam, Cambridge, MA, USA) and goat polyclonal anti-PP4 (Santa Cruz Biotechnology, Dallas, TX, USA) antibodies were purchased. Antibodies against β-actin were purchased from Cell Signaling Technology, Inc. (Beverly, MA, USA).
Co-immunoprecipitation. Cells were harvested and lysed 24 h after transfection [lysate buffer: 50 mM Tris-HCl (pH 8.0), 1 mM EDTA, 6 mM ethylene glycol tetraacetic acid, 1% NP-40, 120 mM NaCl, 1 mM dithiothreitol, 50 µM phenylmethylsulfonyl fluoride and 2 µg/ml aprotinin]. Endogenous PP4 was immunoprecipitated using the anti-PP4 antibody and the endogenous pACC1-Ser79 was immunoprecipitated using an anti-pACC1-Ser79 antibody at 4˚C overnight. The immunoprecipitates were washed three times with buffer containing 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.4), 0.1% Triton X-100 and 500 mM NaCl. The immunoprecipitates were then separated and analyzed using western blot analysis.
Triglyceride analysis. Intracellular triglyceride concentration was measured as described previously (18) (19) (20) . Cells were washed three times with ice-cold phosphate-buffered saline and added to an isovolumic mixture of chloroform and methanol (2:1 v/v). Subsequently, 0.05% H 2 SO 4 was added and the samples were vortexed and centrifuged to split the phases. The bottom phase was removed to 1% Triton X-100 (1:1 v/v), dried and dissolved in deionized water and analyzed using a Triglyceride Reagent kit (ShenSuoYouFu Medical Diagnostic Products Co., Ltd., Shanghai, China).
Statistics. GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA) was used for statistical analysis. All values are presented as the mean ± standard deviation of the indicated number of measurements. Differences were analyzed using the Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results
PP4 is highly expressed in the livers of db/db mice.
The db/db mice exhibited increased levels of glucose, total triglyceride and low density lipoprotein-cholesterol in the serum compared with the control groups (Fig. 1A) . Severe lipid accumulation was observed in the livers of the db/db mice as demonstrated through the elevated triglyceride levels in the livers (Fig. 1B) .
The expression of PP4, as well as molecules of lipid metabolism, including fatty acid synthase (FAS), sterol regulatory element-binding protein (SREBP) 1 and low density lipoprotein receptor (LDLR) were analyzed in the livers of db/db mice and C57BL/6 mice. As shown in Fig. 1C , the levels of PP4, FAS, SREBP1 and LDLR were found to be significantly increased in the livers of the db/db mice. Thus, PP4 may be involved in the regulation of triglyceride metabolism in the liver.
PP4 overexpression induces the accumulation of triglycerides in mouse primary hepatocytes.
To determine whether PP4 overexpression induces triglyceride accumulation in mouse primary hepatocytes, adenovirus-mediated PP4 overexpression was used. As shown in Fig. 2A and B, PP4 was highly overexpressed in the mouse primary hepatocytes following treatment with PP4-Ad compared with treatment with control-Ad. In addition to an increase in PP4 expression, an increase in triglyceride content was observed (Fig. 2C) , indicating that PP4 may have an important role in triglyceride accumulation.
PP4 regulates hepatic triglyceride content through regulating the dephosphorylation of ACC1.
Considering the critical importance of lipogenic genes in hepatic lipid homeostasis, the levels of FAS, SREBP1, ACC1 and pACC1-Ser79 were analyzed following PP4 overexpression. As shown in Fig. 3A , PP4 overexpression in the primary hepatocytes led to a decrease in the levels of pACC1-Ser79/ACC1, while no significant change occurred in the levels of SREBP1 (Fig. 2D) . Furthermore, reduced levels of pACC1-Ser79/ ACC1 were also detected in the livers of db/db mice (Fig. 3B) , suggesting that PP4 may be involved in triglyceride metabolism through regulating the dephosphorylation of ACC1.
PP4 dephosphorylates ACC1 directly through interacting with ACC1.
The present study investigated whether PP4 was able to dephosphorylate ACC1 directly. 
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Co-immunoprecipitation revealed that PP4 was capable of dephosphorylating ACC1 directly through direct interaction with ACC1 ( Fig. 4A and B) .
Discussion
ACC1 is a key enzyme involved in fatty acid biosynthesis from acetyl CoA to malonyl-CoA, which is an important step in fatty acid synthesis (21) (22) (23) . ACC1 is highly expressed in tissues involved in lipogenesis, including the liver and adipose tissues (24) . The activity of ACC1 is regulated by Mn
2+
, insulin, citrate and certain other conditions (21, 25, 26) . Previous studies of ACC1 have shown that ACC1 is phosphorylated on approximately eight serine residues by six different protein kinases in hepatocytes (9, 27) . However, the phosphorylation of ACC1 at Ser-79 by AMPK has been identified to be the main site and is capable of reducing the activity of ACC1 in vitro and in vivo (27, 28) .
By contrast, dephosphorylation of ACC1 at Ser-79 has been found to increase the catalytic activity of ACC1. Evidence has shown that phosphorylated ACC1 is dephosphorylated by PP2Ac (8) . Moreover, in the present study, PP4, a member of the PP2A family which only shares 65% amino acid homology with PP2A, was observed to directly dephosphorylate ACC1 at Ser-79 through interacting with ACC1, which increased the activity of ACC1, resulting in the accumulation of intracellular triglycerides in hepatocytes. However, when the hepatocytes were treated with a higher dose of PP4-Ad, the concentration of intracellular triglycerides markedly decreased (data not shown), suggesting that PP4 may be involved in other mechanisms in lipid metabolism.
As a ubiquitously expressed serine/threonine protein phosphatase, PP4 dephosphorylates a wide range of substrates at serine/threonine residues and is involved in various signaling pathways (12-14,29) . The findings of the present study widen the range of the biological effects of PP4. In the present study, PP4 was observed to directly dephosphorylate the key active site of ACC1, resulting in an increase in FAS, a target of ACC1, as well as the biosynthesis and accumulation of intracellular triglycerides. However, no such effect was observed on SREBP1.
As a classic animal model, db/db mice are widely used in studies of NAFLD and insulin resistance. In the present study, PP4 was observed to be highly expressed (2.5-fold) in the livers of db/db mice and the ratio of pACC1 and ACC1 was found to be decreased, suggesting that PP4 may dephosphorylate ACC1 and increase ACC1 activity. This may suggest that PP4 is responsible, at least in part, for triglyceride accumulation in the livers of db/db mice. However, pACC1 was also highly expressed in the livers of db/db mice, indicating other factors may be involved in reducing the activity of ACC1 in lipid metabolism disorders.
A previous study showed that the majority of lipids (>90%) are synthesized through de novo lipogenesis in cancer cells (30) , suggesting that the biosynthesis of fatty acids is required for carcinogenesis. In the present study, ACC1, an important enzyme for de novo lipogenesis, was found to be strongly upregulated by PP4. Thus, PP4 may be a target for cancer therapy in the future.
In conclusion, the present study investigated the direct interaction between PP4 and pACC1-Ser79. PP4 was found to enhance ACC1 activity through dephosphorylation, leading to intracellular triglyceride accumulation. The results of the present study may provide insight into novel regulatory mechanisms of the activity of ACC1 in physiological and/or pathological lipogenesis. Moreover, the findings of the present study have enhanced the understanding of the functionality of PP4 in lipid metabolism. However, the versatile role of PP4 in cellular processes, as well as its physiological functions and underlying mechanisms, have yet to be elucidated.
